The authors have previously shown that the growth of cultured fibroblasts obtained from primary pterygia was associated with an increase in cholesterol esterification, suggesting that alterations of cholesterol homeostasis may be involved in the development and progression of this disorder. This investigation was conducted to determine whether antiproliferative agents such as pioglitazone (PIO) and everolimus (EVE) may inhibit proteins involved in the cholesterol ester cycle and the proliferation of pterygium fibroblasts (PF). METHODS. Quiescent normal conjunctival fibroblasts and PFs were treated with or without inhibitors of cell proliferation (PIO and EVE) or with inhibitors of cholesterol esterificationprogesterone (Pg) and Sandoz compound (SaH)-and then were stimulated to growth by 10% fetal calf serum (FCS). Cell proliferation was assessed by counting cells. Trypan blue uptake was used to determine cell viability. mRNA and protein levels were determined by reverse transcription-polymerase chain reaction (RT-PCR) and Western blot analysis, respectively. RESULTS. PIO and EVE significantly abolished the increase in cholesterol esters, acyl-coenzyme A cholesterol acyltransferase (ACAT1), and multidrug resistance protein (MDR1) mRNA observed in growing cells. Each inhibitor upregulated ATP-binding cassette-A1 (ABCA1), neutral cholesterol ester hydrolase (NCEH) mRNA, and caveolin-1 expression in a manner similar to that of specific inhibitors of cholesterol esterification such as Pg and SaH. CONCLUSIONS. Intracellular modifications of cholesterol homeostasis may be relevant to pterygium development. Moreover, antiproliferative agents such as PIO and EVE may represent a potential topical medication in the prevention and inhibition of pterygium growth at an early stage, probably by modulation of cholesterol ester metabolism. (Invest Ophthalmol Vis Sci.
P
terygium is a common proliferative disorder involving epithelial hyperplasia and fibrovascular proliferation. In the advanced stages, pterygium can necessitate complex surgery for full visual rehabilitation and recurrences, and ocular complications are not infrequent. [1] [2] [3] [4] [5] [6] Ultraviolet (UV) light has long been associated as the etiologic agent of pterygium, [7] [8] [9] and recently heparin-binding epidermal growth factor (HB-EGF), a potent mitogen, was localized in pterygium tissue and was demonstrated to be significantly induced by UVB in pterygiumderived epithelial cells. 10 In populations with high exposure to ultraviolet radiation, including our region (Sardinia, Italy), the rate of occurrence is high and represents an important cost for the national healthcare. 11 Although the pathogenesis of pterygium is yet undetermined, tumorlike histologic characteristics, ranging from mild dysplasia to carcinoma in situ and local invasiveness, have been described by different authors. [12] [13] [14] Moreover, pterygium fibroblasts (PFs) exhibit characteristics of the transformed phenotype, 15 microsatellite instability, and loss of heterozygosity, 16 all reported to be common findings in neoplastic tissue. Recently, our laboratory has identified that alterations in cholesterol metabolism, 17 mainly in cholesterol esterification, occur during the growth of fibroblasts isolated from human pterygia. These results prompted us to question whether key molecules involved in the regulation of intracellular cholesterol homeostasis may participate in the proliferative phase of this disease. Those molecules include acyl-coenzyme A cholesterol acyltransferase (ACAT1), which is the enzyme responsible for intracellular cholesterol ester formation; multidrug resistance protein (MDR1), which has been implicated in cholesterol transport from the plasma membrane to the endoplasmic reticulum (ER); caveolin-1, the key structural protein of caveolae, a suggested possible carrier of excess cholesterol from the ER to the caveolae-plasma membrane; neutral cholesterol ester hydrolase (nCEH), the enzyme responsible for the hydrolysis of cholesterol esters; and ATP-binding cassette-A1 (ABCA1), the protein that mediates cholesterol efflux. Relevant ACAT1 and MDR1 are induced, and nCEH, ABCA1, and caveolin-1 are depressed during the growth of several types of tumor cells. 18 -22 Given the results of our previous investigations, the present study was designed to explore whether altered expression of these proteins may be important for fibroblast growth stimulation, which represents an essential phase for pterygium progression and recurrence. We evaluated the effect of everolimus (EVE) and pioglitazone (PIO) on the expression of proteins involved in the cholesterol ester cycle in fibroblasts isolated from pterygium and stimulated to grow with 10% fetal calf serum (FCS). PIO, an insulinsensitizing agent, and EVE, an immunosuppressive agent, are novel drugs that have been developed for the treatment of insulin resistance and for the prophylaxis of transplant rejection, respectively. 23, 24 These agents may have clinical benefits in proliferative diseases because both have significant in vitro and in vivo antiproliferative activity against a broad range of human cell lines. In the same cells, we also evaluated the effect of two well-known cholesterol esterification inhibitors, progesterone (Pg) and the acyl amide ACAT inhibitor Sandoz compound 58 -035 (SaH).
PATIENTS, MATERIALS, AND METHODS

Patient Selection
We recruited six patients with primary pterygium (age range, 45-65 years; mean, 57.33 Ϯ 3.5 [SE] years) and six patients with normal conjunctiva (age range, 60 -70 years; mean, 63.66 Ϯ 1.45 years), who underwent cataract surgery at the University Eye Clinic of Cagliari. Diagnosis of pterygium was based on clinical history and evaluation of signs and symptoms. All patients with pterygium (three men and three women) had at least a 3-year history of a slow-growing lesion, with a corneal extension of at least 4 mm, as measured with a caliper, from the limbus to the corneal vertex. Pterygia morphology was clinically graded according to the system of Tan et al., 25 based on the assessment of pterygium translucency: atrophic (T1), intermediate (T2), or fleshy (T3) pterygium. All pterygia collected in this study were T3. The control group (normal conjunctiva) included three men and three women undergoing surgery for cataract extraction. No subject in the control group had any inflammatory signs or symptoms. The research adhered to the tenets of the Declaration of Helsinki. Written informed consent was obtained from all the patients before tissues were collected. This study and all the procedures, including biopsy from the conjunctiva during cataract surgery, were approved by the Ethics Committee of the University of Cagliari.
All tissue samples were obtained as previously described. 17 In summary, at the time of surgery, tissue was excised from the inner canthus with microforceps. As a rule, within 1 hour of excision, samples were placed in sterile boxes containing a preservative solution (Eurocollins; Roche Biochemicals, Mannheim, Germany) and were transferred to the cell culture room.
Fibroblast Isolation
For fibroblast isolation, pterygium and normal conjunctiva tissues were dissected into three to four tissue fragments (1 mm 2 ). Tissue fragments were placed in six-well plates for 2 hours. After 2 hours of adhesion, a few drops of Dulbecco modified Eagle medium (DMEM; Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS; Sigma Aldrich, Munich, Germany), 100 U/mL penicillin/streptomycin (Sigma Aldrich), and fungizone (Life Technologies, Bethesda, MD) were added to cover each fragment. The next day, the tissue fragments were covered with culture medium and were placed in a humidified incubator (37°C, 5% CO 2 ). The medium was changed every 2 days. After 5 to 6 days, fibroblasts began to proliferate from the fragment margin (halo of cells) and created a monolayer. The outgrowing cells were morphologically consistent with fibroblasts by their characteristic spindle shape. After 4 weeks, fibroblasts were purified by repeat trypsinization (trypsin/EDTA, 0.05%/0.02%) and passaging to achieve a homogenous population of spindle cells. Purified fibroblasts were washed twice with sterile phosphate-buffered saline (PBS) and centrifuged. Cells (1 ϫ 10 6 ) were then seeded into a 25-cm 2 culture flask and grown to confluence. At this time, cells were used for in vitro staining experiments or were transferred to cryopreservation medium at a suspension of 1 ϫ 10 7 cells/mL. After swift freezing, fibroblasts were placed in liquid nitrogen for long-term storage. Based on the need of experiments, cryopreserved cells were removed from liquid nitrogen tank and cultured under the conditions described. All experiments were conducted using fibroblasts between passages 2 to 4.
For in vitro kinetic experiments, cells were placed at a density of 10,000 cell/cm 2 in six-well plates and then were incubated for 48 hours in DMEM with 0.2% FCS to synchronize cells at a quiescent state. Quiescent fibroblasts were then diluted in complete growth medium with 10% FCS, supplemented or not with 50 M PIO (supplied by Takeda Chemical Industries, Ltd., Osaka, Japan) or 20 nM EVE (supplied by Novartis Pharma AG, Basel, Switzerland). In addition, 10 M Pg (Sigma-Aldrich, St. Louis, MO) and 4 M acyl amide ACAT inhibitor SaH (Novartis Pharma AG) were added to some cells as a broadspectrum regulator of the cholesterol ester cycle. Preliminary experiments were carried out to evaluate the doses of drugs exerting minor effects on cell viability. Cells were harvested at indicated time points after treatment. Cell proliferation was assessed by counting cells with a hemocytometer. Trypan blue uptake was used to determine cell viability.
Cellular Neutral Lipid Staining
To determine whether abnormal cell growth is associated with alterations in intracellular lipid metabolism, we determined intracellular lipid deposits in primary culture of PFs and normal conjunctival fibroblasts (NCFs). After isolation from ocular tissues, the fibroblasts were cultured in a tissue culture chamber, as described. After the indicated time of incubation, the cells were washed three times with PBS and fixed by soaking in 10% formalin. The cells were treated with isopropyl alcohol (60%) and washed, and nuclei and intracellular neutral lipid droplets were then stained with Mayer hematoxylin solution (Sigma Aldrich, Munich) and oil red O, respectively. Stained cells were examined by light microscopy. The color intensity of the red, indicating neutral lipid accumulation in each cell, was quantified with the National Institutes of Health Image 1.63 Analysis Software program (Scion Image).
RT-PCR Analysis
Expression levels of ACAT1, MDR1, nCEH, and ABCA1 mRNAs were evaluated in PFs and in NCFs by semiquantitative, reverse transcription polymerase chain reaction (RT-PCR) with ␤-actin as RNA controls. Approximately 10 6 cells were untreated or treated with the drugs. RNA extractions were performed using reagent (Trizol; Invitrogen).
Equal amounts of total RNA (1 g) were reverse transcribed into cDNA using the random hexamer method. cDNA was subsequently amplified by PCR in the presence of specific primers according to the instructions provided by the manufacturer (GeneAmp RNA PCR Kit; Perkin-Elmer Cetus, Foster City, CA).
PCR was performed using the following primers and conditions: for ACAT1, 5ЈAGCAGAGGCAGAGGAATTGA3Ј, 5ЈGCACACCTGGCAAGATG-GAG 3Ј (466-bp fragment), 95°C for 30 seconds, 58°C for 50 seconds, and 72°C for 60 seconds for 40 cycles; for MDR1, 5ЈCCCATCATTGCAATAG-CAGG3Ј, 5ЈGTTCAAACTTCTGCTCCTGA3Ј (167-bp fragment), 94°C for 30 seconds, 55°C for 60 seconds, and 72°C for 60 seconds for 30 cycles; for nCEH, 5ЈCTTGTAAACTTGAGTTGGAG3Ј, 5ЈGTAGGAAGTAACCA-CATTCA3Ј (151-bp fragment), 94°C for 30 seconds, 55°C for 60 seconds, and 72°C for 60 seconds, for 30 cycles; for ABCA1, 5ЈTCCTCTCCCAGAG-CAAAAAGC3Ј, 5ЈCTCCACAACACTTCACATGGT3Ј (286-bp fragment), 95°C for 30 seconds, 62°C for 60 seconds, and 72°C for 30 seconds, for 30 cycles; for ␤-actin, 5ЈAGGGGCCGGACTCGTCATACT 3Ј, 5ЈGGCGGCAC-CACCATGTACCCT 3Ј (202-bp fragment); 96°C for 30 seconds, 60°C for 59 seconds, and 72°C for 45 seconds, for 20 cycles.
Subsaturation levels of cDNA templates needed to produce a dosedependent amount of PCR product were defined in initial experiments by testing a range of template concentrations. Subsequent PCR was carried out with subsaturation levels of RT reactions with identical amplification parameters.
Blotting Analysis
During PCR reaction the nonradioactive label, digoxigenin-11-dUTP (DIG; Boehringer Mannheim, Mannheim, Germany) was incorporated and immunodetected with anti-digoxigenin Fab fragments conjugated to alkaline phosphatase and was visualized with a chemiluminescence substrate (CSPD; Applied Biosystems, Foster City, CA). Enzymatic dephosphorylation of the chemiluminescence substrate (CSPD; Applied Biosystems) by alkaline phosphatase led to light emission at a maximum wavelength of 477 nm that was recorded on x-ray films. DNA fragments were separated by electrophoresis on agarose and then blotted onto a nylon membrane for 16 h in 10ϫ SSC. The blot was exposed to x-ray film for 2 to 10 minutes. An image analysis system (Digital Science Band Scanner; Eastman Kodak, Rochester, NY) containing image analysis software (ScanJet ID Image Analysis Software; Hewlett-Packard, Palo Alto, CA) was used to assess the intensity of the bands in the autoradiograms.
The overall procedure was standardized by expressing the amount of PCR product for each target mRNA relative to the amount of product formed for ␤-actin. Because a low yield of PCR products is often obtained when cDNA segments are coamplified with an internal standard gene in the same tube, the relative levels of gene expression were determined by comparing the PCR products of the target cDNA and the ␤-actin gene processed in separate tubes.
Preparation of Protein Samples and Western Blot Analysis
Cell lysates were prepared with lysis buffer (10% SDS in 50 M Tris, 1 M EDTA [pH 7.5], 50 M dithiothreitol [DTT] , and protease inhibitor cocktail [Sigma] ), incubated at 37°C and sheared with a syringe fitted with an 18-gauge needle to homogeneity. Protein concentrations of the cell lysates were determined using a modified Bradford protein assay (Bio-Rad Laboratories, Hemel Hempstead, UK). Protein samples (30 g) were then subjected to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After gel separation, the proteins were transferred to a polyvinylidene difluoride (PVDF) membrane (Invitrogen). The membrane was blocked with 5% milk in TBST (50 M Tris-HCl, pH 7.6, 0.15 M NaCl, and 0.05% Tween-20) at room temperature for 1.5 hours and was incubated with affinity-purified rabbit anti-ACAT1 antibody H-125 and anti-caveolin-1 (Santa Cruz Biotechnology, Santa Cruz, CA) in 5% milk-TBST at room temperature for 1.5 hours and with HRP-conjugated anti-rabbit secondary antibody (Santa Cruz Biotechnology) for an additional 1.5 hours. After incubation, the membrane was washed extensively with TBST. The immunoreactive band was visualized by using enhanced chemiluminescence (ECL) detection reagent (Amersham, Uppsala, Sweden).
Statistical Analysis
Mean Ϯ SE for triplicate determinations are presented. Student's t-test was used to determine statistical significance of differences. For all statistical analyses, the level of significance was set at P Ͻ 0.05.
RESULTS
Effects of PIO and EVE on Proliferation and Neutral Lipid Accumulation in Fibroblasts Derived from Pterygium
Growth stimulation with 10% FCS resulted in a significant increase in cell numbers of PF compared with NCF ( Fig. 1A ; P Ͻ 0.05). As expected, PIO and EVE treatments resulted in a dramatic suppression of cell growth in NCFs and PFs. However, this effect was more prominent in PFs than in NCFs (Figs. 1B, 1C; P Ͻ 0.05).
We next determined the cytoplasmic neutral lipid accumulation in NCFs and PFs by directly staining cytoplasmic neutral lipid droplets with oil red O. As shown in Figures 2A and 2B , unstimulated PFs accumulated more neutral lipids droplets than NCFs (Fig. 2A, time 0) . When cells were growth stimulated with 10% FCS, the cytoplasmic staining became more apparent in NCFs and PFs (Figs. 2A, 2B) . However, the extent of lipid accumulation in response to FCS was more evident in PFs than in NCFs at all time points considered. Surprisingly, growth inhibition induced by PIO and EVE was also associated with lack of cholesterol ester accumulation in PFs. Interestingly, this effect was similar to that observed using specific inhibitors of cholesterol esterification, such as Pg and SaH (Figs. 2A, 2C ).
RNA Levels of Protein Involved in Cholesterol Ester Cycle during the Growth of NCF and PF
To determine whether fibroblast growth was associated with modifications of gene expression involved in the cholesterol cell cycle, quiescent NCFs and PFs were stimulated to grow with 10% FCS. As shown in Figures 3A and 3B, ACAT1 and MDR1 mRNA levels significantly increased 24 hours after stimulation in NCFs and PFs. However, the levels of gene 
Effect of PIO, EVE, Pg, and SaH on the Expression of ACAT1 and Caveolin1 in Stimulated PFs
Recently, more reports have confirmed that many proteins involved in the signal cascade are located in lipid rafts/caveolae. 26, 27 Maintaining cholesterol levels is essential for functional caveolae and depends, in part, on the interaction of cholesterol with caveolin-1, a major caveolae component. Given the role of signal transducing proteins in cell growth and mitogenesis, we also determined the effect in PFs of PIO, EVE, Pg, and SaH on caveolin-1 protein expression, and we compared it with that of ACAT1 expression. When PFs were exposed to 10% FCS, we observed an increase in ACAT1 protein; by contrast, caveolin-1 strongly decreased (Figs. 5A , 5B). Furthermore, adding cholesterol ester inhibitors (Pg and SaH) and cell proliferation inhibitors (PIO and EVE) significantly suppressed ACAT1 protein expression but significantly increased caveolin-1 expression (Figs. 6A, 6B ).
DISCUSSION
Pterygium had been considered a chronic degenerative condition but is now thought to be UV light-related uncontrolled cell proliferation originating from altered limbal epithelial stem cells, 28 with limited local invasion and inability to develop metastases. At the same time, features of the behavior of pterygium suggest excessive or disordered growth (i.e., tumorlike properties). [12] [13] [14] Although mechanisms involved in the pathogenesis of pterygia remain largely elusive, several data suggest the existence of intrinsic abnormalities in the pterygial fibrovascular tissue. Pterygium recurs aggressively after surgical excision, and treatment modalities mimic treatments for neoplastic tissue, such as wide excision, adjunctive radiotherapy, and antimitotic chemotherapy. 1 In recent years, several studies have focused on genetic mutations and epigenetic changes occurring in pterygia. These alterations are similar to those observed in several types of cancer, in which there is damage to cellular regulation and control of the cell cycle. Controversial data have been accumulated on the role of the p53 tumor antigen, which is found in increased amounts in a wide variety of transformed cells: although Dushku and Reid, 29 Tan et al., 30 and Weinstein et al. 31 reported high expression of p53 in the epithelium overlying the pterygium and Tsai et al. 32 found mutations in the p53 gene in 15.7% of pterygia, other investigators have failed to detect increased p53 protein levels or p53 mutations in pterygia. 33, 34 Inactivation by hypermethylation of the promoter of the p16 tumor-suppressor gene and loss of its protein expression has been detected in 16.3% of pterygia, 35 probably resulting in abnormal regulation of the cell cycle. Aberrant methylation of the p16 gene promoter and resultant gene silencing play important roles in the pathogenesis of many types of human cancers. Oncogenic human papillomaviruses (HPVs), notably types 16 and 18, which have been found in pterygia and limbal tumors 37, 38 (particularly in certain geographic areas, such as Sardinia, Italy 39 ), can disrupt the p53-dependent programmed cell death pathway 40 and assume a potential oncogenic role, 41 eventually interacting with UV irradiation. 42 Several potent fibrogenic and angiogenic growth factors, such as basic fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF)-BB, and transforming growth factor (TGF)-␤1, have been found by immunohistochemistry in pterygium tissues. 43 Indeed, pterygium head fibroblasts were shown to overexpress matrix metalloproteinase (MMP)-1 and MMP-3 and tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-2 in culture mediated through the activation of the extracellular regulated kinase (ERK)1/2 mitogen-activated protein kinase (MAPK)-dependent pathway, which is a major regulator of hours after 10% FCS stimulation hours after 10% FCS stimulation 44 -50 Given this, it was interesting to note the finding of conjunctival melanocytic pigmented lesions within pterygium. 51 Microarray analysis studies revealed that mRNA levels of a number of genes related to cell growth, transformation, and tumorigenesis are changed in primary pterygium. [52] [53] [54] [55] In particular, increased expression of IGFBP-2 and decreased expression of IGFBP3 have been observed, each of which is correlated with the presence of cancer. 52, 55 Moreover, modifications in cholesterol synthesis and metabolism are common findings in neoplastic tissue. We have previously demonstrated that the rate of cell proliferation correlates positively with cholesterol esterification and with ACAT1 and MDR1 mRNA levels in various types of human cell lines. 20 -22 We suggested that cholesterol esterification may have a role in regulating the rate of cell growth and division and that MDR1 may contribute to this regulation by modulating the availability of cholesterol substrate in the ER, which, in turn, is a major determinant of ACAT activity. 56 We also presented evidence that freshly isolated PFs contain higher levels of cholesterol esters than fibroblasts from normal conjunctiva and that they respond to mitogenic stimuli by significantly increasing cellular lipid content above constitutive levels. 17 These results provide support for the concept that the presence of high levels of intracellular cholesterol esters could represent a cell phenotype predisposing to the development of pterygial lesions.
In the present study, we used an in vitro system with fibroblasts derived from human pterygia to evaluate whether antiproliferative agents able to modulate the cholesterol esterification may eventually interfere with their growth. Administration of PIO and EVE was effective at inhibiting PF growth, combined with a significant abolition of the increase in cholesterol esters, in ACAT1, and MDR1 mRNA, which are usually observed in abnormally growing cells. 20, 21 Both inhibitors upregulated ABCA1 and NCEH mRNA and caveolin-1 expression in a manner similar to that for specific inhibitors of cholesterol esterification, such as Pg and SaH compound.
PIO and an analog of EVE inhibit corneal and choroidal neovascularization in animal models. [57] [58] [59] It has been suggested that this effect probably results from their recognized anti-inflammatory and antiproliferative activity against a broad range of human cell lines. 57, 59 Our results indicate, however, that these drugs can also inhibit cell growth through the modulation of cholesterol metabolism.
As further evidence of a role for the cholesterol esterification pathway in the growth of pterygium, we demonstrated that the inhibition of cholesterol esterification by SaH and Pg strongly reduced the PF growth rate concomitantly with the loss of cytoplasmic lipids, a pattern similar to that observed with the use of PIO and EVE.
This effect was not caused by cell toxicity because cell morphology and viability were unaffected at the concentrations of inhibitors used. Another interesting finding of this study was that untreated PF expressed higher levels of ACAT1 and MDR1 mRNA than PF treated with cholesterol esterification inhibitors, which instead revealed the presence of very low levels of ACAT1 and MDR1 mRNA.
Whether and how cholesterol esters and proteins involved in the cholesterol ester cycle act in concert to influence cell proliferation remain open questions. A role for cholesterol metabolism during growth is well documented and may be relevant in this context. 57, 59 Additionally, a role is reported for MDR1-P-glycoprotein (Pgp) in the transport of several membrane lipids, including the transport of cholesterol from plasma membrane to the ER, the site of cholesterol esterification by ACAT. 21, 22, 60 It has been demonstrated that cholesterol esterification depends on the availability of cholesterol, which is transported from the plasma membrane to the ER, and that Pgp encoded by the MDR1 gene is required for this transport. 61, 62 Caveolae, whose affinity is modified by lipid, particularly free cholesterol, in a site-specific manner in response to physiological stimuli, can be considered specialized platforms for transduction signaling. Studies with cholesterol-depleted cells demonstrated that a reduced level of cholesterol in caveolae is, by itself, a signal to activate pathways leading to cell division. 26, [63] [64] [65] [66] Taken together, these findings raise the possibility that MDR-1 might specifically influence caveolae-dependent signaling by regulating, at least in part, the amount of cholesterol available for caveolae formation and that MDR1, cholesterol, and cell proliferation are closely linked.
CONCLUSIONS AND FUTURE DIRECTIONS
The results of the present study suggest a close functional relationship between cholesterol esterification, MDR1 gene expression, and rate of cell growth in pterygium. Clearly, the field is expanding, and further research is needed to define the physiological importance of the proposed additional Pgp functions and MDR1. For now, however, we have shown that proteins involved in the cholesterol ester cycle may represent important elements in the control of cell proliferation and of pterygium progression. Furthermore, our data support a potential role for antiproliferation agents such as EVE and PIO as topical medications in the prevention and inhibition of pterygium growth at an early stage, 67 probably by the modulation of cholesterol ester metabolism.
